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THIN FILM OF SINGLE CRYSTALLINE LnA 2 Cu 3 0 7 ., HAVING THREE-LAYERED PEROVSKITE STRUCTURE 

AND PROCESS FOR PRODUCING THE SAME 



The present invention relates to a thin film of a 
single crystalline oxide of the formula: 

LnAaCu37.x < ! ) 

wherein Ln is at least one of the rare earth ele- 
ments Y. Nd. Sm t Eu. Gd. Dy, Ho, Er. Tm and Yb 
and A is at least one of the alkaline earth metals 
Ba ( Sr and Ca which has a three-layered perovskite 
structure and a process for producing the same. 

A thin film of LnA 2 Cu 3 0 7 -x having a three- 
layered perovskite structure exhibits superconduc- 
tivity around 90 K will find various new applications 
such as wiring of LSI, SQUID and Josephson tun- 
nel type elements. 

For such applications, the LnA 2 Cu 3 0 7 .x thin 
film should have a critical temperature Tc at 85 K 
or higher, a critical current density Jc of 10 s A/cm* 
or higher when the film is not thicker than 5.000 A 
and should be formed at a comparatively low tem- 
perature. 

Since a wiring material of LSI is .required to 
have a large current density, the single crystalline 
thin film should have a specific plane such as a 
(001), (110) or (103) plane parallel with a film plane 
so that electric current can flow in said specific 
plane. 

In the Josephson tunnel type element using the 
superconducting LnA 2 Cu 3 07.x, an insulating ultra- 
thin layer between the superconductors for tunnel 
junction is required to have a thickness of not 
larger than 30 A. To form such junction, it is 
essential to produce a superconductive film having 
good surface smoothness and an ultrathin insulat- 
ing layer on it. The thickness of the insulating 
ultrathin layer for forming a junction is limited by 
the coherence length of the superconductor. The 
coherence length in the direction perpendicular to 
the (001) plane is about 4 to 7 A, and that in the 
direction parallel to said plane is about 15 to 30 A. 

Therefore, the thickness of the insulating ul- 
trathin layer to be used for junction varies with the 
kind of the superconductor and its crystal direction 
to be connected. When the direction perpendicular 
to the (001) plane of the superconductor coincides 
with the direction perpendicular to the surface of 
the insulating layer, the thickness of the latter 
should be 10 A or less. On the contrary, when the 
direction parallel with the (001) plane of the super- 
conductor coincides with th direction perpendicu- 
lar to the surfac of the insulating layer, the thick- 
ness of the latter can be as thick as several ten A. 
which makes the formation of tunnel junction easy. 



Accordingly, a (110) oriented single crystal film 
may be more available for the tunnel type junction 
than a (001) oriented film. 

In the practical applications, it is required to 
s provide a single crystalline film having the (110) 
plane in the direction parallel with the film plane. In 
addition, since a single crystalline film with an other 
orientation can achieve a large current density, it is 
suitable for forming a wire to be used in a super- 
70 conductive magnet 

In most cases, the single crystalline film of 
LnA 2 Cu 3 07-x has been prepared by a sputtering 
method. The sputtering method comprises irradiat- 
ing a plasma of oxygen (0 2 ) and/or argon gas 
75 against a target consisting of a Ln-ACu bas oxid 
in a vacuum vessel and depositing sputtered met- 
als and the like on a substrate such as a SrTiO 
single crystal piece placed in said vessel to form a 
LnA 2 Cu 3 0 7 -x thin film. To covert the deposited 
20 LnA 2 Cu30 7 .K thin film to a film exhibiting high qual- 
ity superconductivity with Tc of 77 K or higher, it is 
necessary to thermally treat the film at a tempera- 
ture of 800* C or higher. 

By the scientists in the Watson Research Lab- 
25 oratory of IBM or the Stanford University, a super- 
conductive oxide thin film is produced by electron 
beam deposition. But the as-deposited film is 
amorphous and does not have superconductive 
characteristics as such. Therefore, the deposited 
30 film is post-heated at a high temperature of 800 to 
1,000*C to crystallize the amorphous film to a 
perovskite crystal having a three-layered structure, 
whereby the produced film exhibits superconduc- 
ting transition at 77 K or higher. 
35 By the conventional sputtering method or the 

conventional electron beam deposition, no film 
which is substantially a single crystal having the 
(001). (110) or (103) plane parallel with the film 
surface has been provided, and either method has 
40 its own drawbacks. 

For example, in the sputtering method, it is 
difficult to' prepare the target with a composition 
optimum for the formation of the superconducting 
film. Since a desired material is deposited solely 
45 by attacking the target with ions, not only char- 
acteristics of the film are delicately changed ac- 
cording to conditions of the plasma atmosphere 
and to quality of the target, but also the substrate 
or the deposited film is easily modified by ions, 
so Therefore, this method has poor reproducibility. 

Another problem resides in that the epitaxially 
grown LnA 2 Cu307.,c oxide film should be thermally 
treated at a temperature of 800 C or higner to 
increase the critical temperature to 77 K or higher, 
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photographs showing the crystal structure of the 
thin film of YBaaCu 3 0 7 .x single crystal formed in 
Example 10, 

Fig. t6 is a graph showing the relationship 
between the resistivity and absolute temperature of 
the thin film formed in Example 10, 

Figs. 17A. 17B, 18A, 18B, 19A and 19B are 
the RHEED patterns revealing the crystal orienta- 
tion of the thin film of ErBa 2 Cu 3 0 7 .x single crystal 
formed in Example 11, 

Figs. 20A and 20B are the RHEED patterns 
revealing the crystal orientation of the thin film of 
YBazCuaOr-K single crystal formed in Example 12, 
and 

Fig. 21 is a graph showing the relationship 
between the resistivity and absolute temperature of 
the thin film formed in Example 12. 

The microstructure, namely a polycrystalline or 
a single crystalline structure in the formed thin film 
of LnAzCusOr-x depends on a kind of the substrate. 

That is, to produce the thin film of the 
LnAaCuaOT.x single crystal with the orientation of 
the above (1) or (2), a single crystal of SrTiOa, 
MgO, CoO, NiO and the like having the (001) plane 
or the (110) plane in its surface is used as a 
substrate, respectively. 

The processes for producing the thin film of 
the LnA 2 Cu 3 0 7 .x single crystal can be applied to 
the production of a polycrystalline LnAaCu 3 0 7 . K . In 
this case, the kind of the substrate is not limited. 

As described above, to produce the single cry- 
stalline LnA 2 Cu 3 0 7 .x having the specific crystal 
plane parallel with the substrate surface, the sub- 
strate should have said specific crystal plane on its 
surface. 

The above requirements for the substrate are 
necessary conditions to make the specific crystal 
plane parallel with the substrate surface, but not 
sufficient conditions. 

Suitable conditions for producing the thin film 
of the LnA2Cu 3 0 7 * single crystal of the orientation 
(1) and those for producing the thin film of the 
LnA 2 Cu 3 0 7 . x single crystal of the orientation (2) are 
different as follows: 

In the former case, the raw material metals are 
evaporated and deposited on the substrate heated 
at 500* C or higher, while in the latter case, the raw 
material metals are evaporated and deposited on 
the substrate heated at a temperature not lower 
than 500* C and lower than 550 *C to form the 
single crystalline LnA 2 Cu 3 0 7 . x having the orienta- 
tion (2) and, after raising the substrate temperature 
to 550* C or higher, the metals are further depos- 
ited on the already formed single crystal. 

Namely, the LnA2Cu 3 0 7o c single crystal having 
the ori ntation (1) can be produced under a rela- 
tively wide temperature range of 500 *C or higher, 



preferably 520* C or higher but not so high as to 
adversely affect the substrate and the growing film. 
Thereby, a thin film having very good crystal struc- 
ture is formed. On the contrary, when the thin film 
s of the LnA2Cu 3 0 7 . x single crystal having the ori- 
entation (2) is produced, as described above, th 
substrate is heated at a temperature not lower than 
500 *C and lower than 550* C, preferably around 
530* C in the first evaporation step so as to render 
10 the new substrate of LnA 2 Cu 3 0 7 .x thin film suitable 
for the formation of the desired material having the 
orientation (2) and. in the second step, the tem- 
perature at the new substrate is raised to 550 C or 
higher, preferably 600 *C or higher. Under other 
rs conditions, no thin film having good superconduc- 
tive characteristics is formed. 

In other words, although the thin films formed 
in the first and second steps consist of the desired 
material, the thin film produced in the first step is 
20 used as a base film in the second step and only 
the thin film formed in 'the second step has good 
superconductive characteristics. As understood 
^- from below described working examples, the first 
and second steps are not necessarily carried out 
25 continuously. 

In the present invention, the kind of the crystal 
plane is selected and the substrate temperatures 
are determined according to the orientation of the 
LnA 2 Cu 3 07. )t single crystal to be formed on the 
30 substrate. The thin film of the LnA 2 Cu 3 0 7 . K single 
crystal having the orientation (3) can be formed on 
the substrate at a higher temperature although the 
same crystal plane as in the case of the orientation 
(2) is used as the substrate. That is, to form the 
35 thin film of the LnA 2 Cu 3 0 7 . K single crystal having 
the orientation (3). the thin film is deposited on the 
substrate heated at 550* C or higher, preferably 
600 * C or higher. 

The process of the present invention will be 
40 explained further in detail. 

The vacuum deposition vessel is firstly evacu- 
ated to high vacuum of. for example, about 10~ 6 
Torr and then a small amount of the oxygen gas is 
continuously supplied towards the substrate from a 
45 distance close to the substrate to increase the 
pressure of oxygen at the substrate to 10" 2 to 10 
Torr while an interior gas in the vessel is continu- 
ously exhausted from a suitable part of the vessel 
to keep the background at 10"* to 10" 3 Torr in the 
so vessel except near the substrate. The reason why 
the upper limit of the background pressure is se- 
lected to be 10~ 3 Torr is that Ln. A and Cu in the 
evaporation sources are constantly evaporated 
without deterioration of evaporation rates. The low- 
55 er limit of 10~ 5 Torr. is the minimum gas pressure 
for generating the plasma. If the plasma is not 
utilized, this lower limit is not technically important. 
The reason why the oxygen gas pressure is 
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distribution of th metal atoms which arrive at the 
surface is narrow and the number of such metal 
atoms is decreased to such extent that each atom 
does not come into collision with other metal atoms 
on the surface, the condition (1) is achieved. To 5 
prevent the change of energy of the impinging 
metal atoms, the molecular beam is desirable if 
possible. Therefore, the pressure (oxygen pres- 
sure) is decreased to an order of 10" 4 Torr so as 
to increase their mean free path. In case of a metal 10 
having a low evaporation temperature such as Zn, 
it should be excited by RF to improve the quality of 
the ZnO single crystal. 

As described above, the reactive evaporation 
has been found to be one of the best methods for ts 
controlling the crystal growth conditions of the ox- 
ide, and the present invention has been completed. 

The present invention will be illustrated by the 
following Examples. 

20 

Example 1 

A vacuum vessel having a diameter of 750 mm 
and a height of 1.000 mm was evacuated to 10" 6 2S 
Torr by an oil diffusion pump. 

As a substrate, a piece of sapphire {single 
crystal a-AI 2 0 3 ) was used with the(0 1 12) plane 
forming the substrate surface (10 mm x 10 mm>. 
After placing the sapphire substrate in the vacuum 30 
vessel, it was heated to 650* C and kept at this 
temperature, with a tungsten heater. 

From two nozzles for supplying the oxygen gas 
provided near both ends of the substrate, the oxy- 
gen gas was directly blown onto the substrate, 35 
whereby the gas pressure was increased to 10* 2 to 
10~ 1 Torr only near the substrate, while the pres- 
sure near the evaporation sources which were 
placed apart from the substrate was increased to 
about 10" 4 Torr. 40 

Metals Y, Ba and Cu were evaporated from 
independent evaporation sources at such evapora- 
tion rates that the atomic ratio of Y:Ba:Cu was 1:2:3 
on the substrate. For example, Y, Ba^ and Cu were 
evaporated at rates of 1 A/sec 2.3 A/sec. and 1.7 45 
A/sec respectively. 

Between the substrate and the evaporation 
sources, a high-frequency (13.56 MHz) coil was 
placed, and high frequency was applied at 100 W 
so as to generate oxygen plasma, which activated so 
the evaporated metals and accelerated the reac- 
tions on the substrate. 

Under the above conditions, the metal oxides 
were deposited on the substrate to form a thin film 
having a thickness of 1,000 A. 55 

An X-ray diffraction pattern of the formed thin 
film is shown in Fig. 1. 

Peaks for (013), (103) and (110) which are 



specific to the YBa2Cu3 0 7 . x structure are clearly 
observed and the formation of a crystalline film is 
confirmed. 

In the above procedures, Y and Ba were evap- 
orated by an electron beam, and Cu was evap- 
orated by resistance heating. The evaporation con- 
ditions were as follows: 



Y: 

A metal ingot (purity: 99.9 %) (50 g) was used 
and placed in a crucible cooled with water. The 
metal was evaporated by the application of an 
electron beam at an acceleration voltage of 5 KV 
and a filament current of 400 MA. 



Ba: 

A metal ingot (purity: 99.9 %) (50 g) was used 
and evaporated by the application of the electron 
beam at an acceleration voltage of 5 KV and a 
filament current of 100 MA. 



Cu: 

In an alumina crucible around which a tungsten 
filament was wound, metal Cu particles (particle 
size of 2 to 3 mm. purity of 99.9999 %) (10 g) were 
charged and heated by the application of electric 
current through the filament at 10 V, 30 A. 



Example 2 

A vacuum vessel having a diameter of 750 mm 
and a height of 1,000 mm was evacuated to 10" 6 
Torr. by an oil diffusion pump. 

The (001) plane of a SrTiOa single crystal was 
used as a substrate (10 mm x 10 mm). After 
placing the substrate in the vacuum vessel, it was 
heated to 650* C and kept at this temperature with 
a tungsten heater. 

From two nozzles for supplying the oxygen gas 
provided near both ends of the substrate, the oxy- 
gen gas was directly blown onto the substrate, 
whereby the gas pressure was increased to 10~ 2 to 
10" 1 Torr only near the substrate, while the pres- 
sure near the evaporation sources which were 
placed apart from the substrate was increased to 
about 10"* Torr. 

Metals Y, Ba and Cu were evaporated from 
s parate evaporation sources at such evaporation 
rates that the atomic ratio of Y:Ba:Cu was 1:2:3 on 
th substrate. For example, Y, Ba and Cu were 
evaporated at rates of 1 A/sec. 2.3 A/sec. and 1.7 
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Since the thin film just formed on the substrate 
does not necessarily exhibit good superconduc- 
tivity, it is sometimes post-treated in an oxygen- 
containing atmosphere. 

In this Example, effects of the post-treatment 
was confirmed on the YBa 2 Cu30 7 .x single crystal 
formed in the same manner as in Example 2. 

After deposition and cooling the evaporation 
sources (30 minutes), oxygen gas was introduced 
into the vacuum vessel to pressurize the vessel to 
1 atm. During this period, the substrate tempera- 
ture was decreased to 500* C. Then, the thin film 
of YBa2Cu307. x single crystal was kept at 500 C 
under an oxygen pressure of 1 atm. for 1 hour to 
adjust the oxygen content in the thin film. The 
lattice constant Co of the non-oxidation-treated thin 
film in the [001] direction calculated from the X-ray 
diffraction pattern was 11.749 A, while that of the 
oxidation-treated thin film was 11.686 A. The lattice 
constant after post-treatment substantially corre- 
sponds to that of a bulk crystal having a critical 
temperature of 90 K class. The superconductive 
characteristics of the oxidation-treated thin film has 
been already shown in Example 4. 



Example 6 

In the same manner as in Example 2 but using 
SrTiOa with its (-110) plane forming the surface and 
heating the substrate to 520 *C. a thin film of 
YBa2Cu30 7 . x single crystal having a thickness of 
2,000 A was formed. 

In this Example, RHEED photographs of the 
substrate itself and * the formed thin film of 
YBa2Cu 3 0 7 . x single crystal were taken. The pho- 
tographs confirmed that the (110) plane of the 
YBa 2 Cu3 07.x single crystal having the three-layered 
perovskite structure was epitaxially grown on trie 
(110) plane of the substrate. 

The SEM photograph of the thin film of the 
single crystal was taken to confirm the surface 
smoothness. 

Example 7 

In the same manner as in Example 1 but 
evaporating metals Y and Sr by electron beam 
heating and metal Cu by resistance heating and 
depositing them on the (001) plane of the SrTiOa 
substrate kept at 640* C, a thin film having a thick- 
ness of 1,000 A was formed. An X-ray diffraction 
pattern of the formed film is shown in Fig. 6. in 
which the diffraction peak corresponding to the 
(005) peak of the three layer d perovskite structure 
like YBa 2 Cu 3 07.K- 



Example 8 

In the same manner as in Example 2 but using 
Dy or Er in place of Y, a thin film was formed. The 

5 X-ray diffraction patterns were shown in Rg. 7 (for 
Dy) and Rg. 8 (for Er). The formed thin film in 
which Ln was Dy or Er was characterized in that 
the intensity of the (001) peak was stronger than 
that in the case where Ln was Y. This is because 

70 the spacing corresponding to the (001) peak is a 
spacing of the rare metal elements, so that, in case 
of Dy or Er having the larger atomic number, both 
the scattering factors for the X-ray are larger than 
that of Y and therefore the diffraction peak of (001) 

75 becomes stronger. 



Example 9 

20 In the same manner as in Example 2 except 

that an injection nozzle was inserted in a doughnut 
shaped oxygen diffusion chamber surrounding the 
periphery of the substrate,, and oxygen injected 
from the nozzle was once diffused in the chamber 
25 and then supplied from slits provided on an inner 
peripheral wall over the substrate, surface, a thin 
film having a thickness of 100 A was formed. 

The X-ray diffraction pattern of the formed thin 
film is shown in Rg. 9. . 
30 The thin film was then post-heat-treated in the 

oxygen atmosphere in the same manner as in 
Example 5. Change of the electrical resistance 
against temperature of the oxidation-treated thin 
film is shown in Rg. 10. and change of the com- 
35 plex susceptibility against temperature of the same 
thin film is shown in Rg. 1 1 . 

From these results, it is understood that the 
thin film of 100 A in thickness was superconductive 
below 82 K. 



Example 10 

In the same manner as in Example 9 but using, 
as a substrate, the SrTiOa single crystal with a 
surface of its (110) plane and heating the substrate 
to 530* C, 550' C. 580 # C or 630* C. a thin film 
having a thickness of 500 A was formed. 

On each of the four thin films, an electron 
beam was irradiated along a direction of [001] or [1 
T~0] of the substrate to confirm the crystal orienta- 
tion of each thin film by RHEED. 

The results are shown in Rgs. 12A, 13A, HA 
and 15A (along the [001] direction) and Rgs. 12B. 
13B 14B and 15B (along the [1 1 0] direction). At 
530* C, as seen from Rgs. 12A and 12B, the thin 
film of YBaaCuaOy-x single crystal having the (110) 
plane which was parallel with th (110) plane of the 
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distance close to the substrate to form an oxygen- 
containing atmosphere having a relatively high 
pressure at the substrate. 

7. A process for producing a thin film consist- 
ing of a single crystalline oxide of the formula 5 
LnA 2 Cu307. x wherein Ln and A are defined as in 
claim 6, which comprises generating a plasma and 
simultaneously evaporating Ln. A and Cu in an 
atomic ratio of about 1 :2:3 from discrete evapora- 
tion sources of Ln. A and Cu to deposit them on a 10 
substrate in a vacuum vessel while supplying oxy- 
gen gas from a distance close to the substrate to 
form an oxygen-containing atmosphere having a 
relatively high pressure at the substrate. 

8. The process according to any one of claims is 
6 and 7, wherein a single crystal is used as the 
substrate with its (001) plane forming the substrate 
surface t and the (001) plane of the formed single 
crystal is parallel with the film surface. 

9. The process according to claim 8 . wherein 20 
the substrate is heated to a temperature of not 
lower than 500 *C. 

10. The process according to any one of 
claims 6 and 7, wherein a single crystal is used as 

the substrate with its (110) plane forming the sub- 25 
strate surface, and the (110) plane of the formed 
single crystai is parallel with the film surface. 

11. The process according to claim 10, wherein 
firstly a thin film of the single crystal of the oxide of 

the formula (I) in which its (110) plane is parallel 30 
with the film surface is formed on the substrate 
heated to a temperature not lower than 500* C and 
lower than 550* C, and then an oxide of the formula 
(I) in which its (110) plane is parallel with the film 
surface is deposited on the firstly formed thin film 35 
heated at a temperature of not lower than 550 C. 

12. The process according to any one of 
claims 6 and 7, wherein a single crystal is used as 
the substrate with its (110) plane forming the sub- 
strate surface, and the (103) plane of the formed 40 
single crystal is parallel with the film surface. 

13. The process according to claim 12, wherein 
the substrate is heated to a temperature of not 
lower than 550 *C. 
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